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We observe experimentally that the reflectances of metal–dielectric nanocomposite films in the
Kretschmann configuration show different characteristics, depending on the metal fill fraction f, that fall
into one of three distinct regimes. In the “metallic” regime, in which f is large, the film supports conventional
surface-plasmon polaritons (SPPs), and one can tailor the properties of the SPPs by controlling the value of
f. In the “dielectric” regime, in which f is small, the film does not support any surface modes. In the intermediate “lossy” regime, the nanocomposite film supports a SPP mode that is different from that of a “metallic” film. These results are explained by using an anisotropic effective medium model and mode analysis.
© 2009 Optical Society of America
OCIS codes: 240.6680, 160.4236.

The ability to control the properties of a surfaceplasmon polariton (SPP) [1], such as its propagation
constant, dispersion relations, and spatial mode profile, can greatly improve its performance in various
applications, such as sensing [2], localized excitations
of transitions [3], short-distance communications [4],
and nonlinear optics [5–7]. It has been shown that
the properties of SPPs can be tailored by the use of
artificially synthesized periodic or random metal–
dielectric nanocomposite materials [8–10]. Yet most
of these studies assume that the metal in the nanocomposite is interconnected. In this Letter, we investigate how the properties of SPPs supported by random nanocomposite films evolve as the metal fill
fraction is varied. Specifically, we explore the transition from continuous metal films to semicontinuous
films to isolated nanoislands.
We fabricated a large collection of gold–air nanocomposite films with gold fill fractions f ranging from
1 to approximately 0.3. All samples are approximately 30 nm thick. The pure gold films were fabricated by using electron-beam evaporation, the films
with high values of f were fabricated by using sputter
coating, and those with moderate values of f were
fabricated by using the pulsed laser deposition
method [11]. We measured the reflectances of these
nanocomposite films as functions of the incidence
angle in glass inc in the Kretschmann configuration
at the wavelength of 1550 nm (see Fig. 1). The measured reflectance is calibrated with that from a bare
prism under the same conditions to exclude the influence of unrelated interfaces. Five representative reflectance curves are plotted in Fig. 2. Here, sample 1
is a pure gold film, and the value of the gold fill fraction f decreases from approximately 0.85 to 0.4 for
samples 2–5.
From scanning or transmission electron microscopy (SEM or TEM) studies (see, e.g., the insets of
Fig. 1), one sees that the size of the in-plane features
0146-9592/09/223535-3/$15.00

of all the nanocomposite films is much smaller than
the wavelength. Furthermore, there is very limited
structural variation along the thickness dimension.
Thus, we here describe the macroscopic optical property of the nanocomposite films in terms of an anisotropic effective dielectric permittivity tensor ជ eff
= diag关eff,x , eff,y , eff,z兴. Here, the two in-plane components are equal to each other, eff,x = eff,y, and can be
described by using the effective medium approximation (EMA) [12–14] as
f

m − eff,x
m + eff,x

+ 共1 − f兲

d − eff,x
d + eff,x

= 0,

共1兲

where d and m are the dielectric permittivities of
the bulk dielectric and metal, respectively, and f is
the gold fill fraction. The out-of-plane component,
eff,z, is given by eff,z = fm + 共1 − f兲d. Figure 3 shows
the calculated eff,x and eff,z of an anisotropic gold–
air nanocomposite as functions of f at the wavelength
of 1550 nm. The dielectric permittivities for air and
bulk gold are 1 and −114+ 10.9i [15], respectively.
One sees that eff,x as a function of f shows three distinct regimes: a “metallic” regime for approximately

Fig. 1. (Color online) Schematic diagram of exciting SPPs
using the Kretschmann configuration. Insets, (a) SEM and
(b) TEM micrographs of two nanocomposite films with gold
fill fraction f ⬇ 0.85 and f ⬇ 0.65, respectively.
© 2009 Optical Society of America

3536

OPTICS LETTERS / Vol. 34, No. 22 / November 15, 2009

Fig. 4. (Color online) Calculated reflectances from a
30-nm-thick gold–air nanocomposite film, using the
Kretschmann configuration as functions of the incidence
angle inc and the gold fill fraction f for (a) TE and (b) TM
polarizations, respectively.

Fig. 2. (Color online) Measured (left) and calculated
(right) reflectances of both polarizations in the
Kretschmann configuration as functions of the incidence
angle for five nanocomposite samples with decreasing gold
fill fraction f.

f ⬎ 0.6, a “dielectric” regime for approximately f ⬍ 0.4,
and a “lossy” regime for 0.4⬍ f ⬍ 0.6. The prediction of
the “lossy” regime by using the EMA model agrees
with the experimental evidence that a semicontinuous nanocomposite film becomes highly lossy near its
percolation threshold [16].
Using the above EMA model and the transfer matrix method, we calculate the reflectance from the
five samples studied in Fig. 2. The fitted values of f
agree reasonably well with the values obtained from
the SEM or TEM micrographs of the samples. We account for the surface roughness of samples 2, 3, and 4
by assuming that the top 6 nm of the film, the thickness of which is consistent with the measurement by
atomic force microscopy, to have a gold fill fraction of
0.5. One sees that the results of the calculation agree
reasonably well with the experimental results, which
demonstrates the qualitative validity of the EMA
model [16,17]. With more knowledge about the geometry of the nanograins of the nanocomposite one
could use more advanced effective medium theories
[16,18,19] to calculate ជ eff more accurately.
To gain increased understanding of the results, we
calculate the reflectance of a 30-nm-thick nanocom-

Fig. 3. (Color online) Calculated eff,x and eff,z of an anisotropic gold–air nanocomposite film at 1550 nm as functions
of the gold fill fraction f.

posite film as the value of f changes continuously
from 1 to 0.3. As shown in Fig. 4, the reflectance for
TM polarization as a function of inc exhibits characteristics that fall into one of three distinct regimes,
depending on the value of f. In the metallic regime,
corresponding to f ⬎ 0.6, the TM reflectance has a
sharp narrow dip centered at some incidence angle
larger than the critical angle (approximately 43.4°).
As f decreases from unity, this dip broadens, while its
center shifts toward larger incidence angles. These
results indicate that both the real and the imaginary
parts of the effective refractive index of the corresponding SPP mode increase as f becomes smaller. In
the lossy regime, the reflectance for TM polarization
has a peak shortly after inc exceeds c and then exhibits a very broad dip. As we show below, such a
broad dip is related to the excitation of a SPP mode
different from the one that can be excited on a conventional metallic film. In the dielectric regime 共f
⬍ 0.4兲, the reflectance becomes high for both polarizations for inc ⬎ c, which indicates that the nanocomposite has the general property of a dielectric.
To illustrate how SPPs are excited on a lossy nanocomposite film, we plot in Fig. 5 the spatial field distribution of a Gaussian beam with FWHM of 5 m at
z = 0 incident on three nanocomposite films with f
= 0.6, 0.55, 0.5. Here the two-dimensional calculation assumes that both the field and the film are uniform in the x direction. The values of inc in the three
cases are 49°, 57°, and 57°, respectively. For a nanocomposite film at the boundary between the metallic
and the lossy regimes 共f = 0.6兲, a mode with field localized at the air–film interface is excited. As f decreases, this mode becomes excited less efficiently,
while a second mode, with the field localized on the
glass–film interface, is gradually excited. For f = 0.5,
the field distributions in the glass are almost identical for TE and TM polarizations. However, the field
distribution within the film is very different, indicating the excitation of SPPs for TM polarization.
These results can be also understood by considering which modes of the glass–film–air geometry are
excited when a plane wave is incident from glass onto
a film with different values of the metal fill fraction.
In general, there are four modes associated with such
a geometry when the influence of leaky modes is in-
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and theoretically that both “metallic” and “lossy”
nanocomposite films can support SPPs and that the
properties of the supported SPPs can be adjusted by
controlling the metal fill fraction. However, the SPPs
that can be excited on a continuous and a semicontinuous nanocomposite film using the Kretschmann
configuration are actually different modes, and they
have very different characteristics. Our analysis provides a design guideline for random metal–dielectric
nanocomposite for different applications of SPPs.

Fig. 5. (Color online) Spatial field amplitude (兩Ex兩 for TE
and 兩Hx兩 for TM polarization) distribution of a Gaussian
beam of 5 m FWHM incident on three nanocomposite
films with different values of f. The film is expanded by a
factor of 100 in the z direction for visual purposes.

cluded [20]. The complex effective refractive index
nspp of each mode is shown in Fig. 6. By calculating
the interaction strength between each of these modes
and an incident plane wave [20], we determine which
modes are most strongly excited for each specific situation. For films in the metallic regime, modes 3 and 1
correspond to the sharp and shallow dips in the reflectance, respectively. The shift and broadening of
the sharp dip as f decreases agree with the evolution
of nspp for mode 3. In the dielectric regime, modes 2
and 3 correspond to the two Brewster modes incident
from glass and air, respectively. In the intermediate
lossy regime, modes 3 and 4 correspond to the air–
film and glass–film modes shown in Fig. 5, respectively.
In conclusion, we have studied the SPPs supported
by a metal–dielectric nanocomposite film sandwiched
between air and glass. We show both experimentally

Fig. 6. (Color online) (a) Real and (b) imaginary parts of
the effective refractive index of the supported SPP modes
as functions of the gold fill fraction f.
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